Abstract-A highly effective cooling technique for a superconducting magnet is proposed by incorporating the cryogenic oscillating heat pipes (OHP) as cooling panels in the coil windings. The OHP is a high performance two-phase heat transfer device, which can transport several orders of magnitude larger heat loads than heat conduction of solids. The cryogenic OHP using H 2 , Ne, and N 2 as working fluids have been developed and tested at the operating temperature ranges of 17-25 K (H 2 ), 26-32 K (Ne), and 67-80 K (N 2 ).Themeasuredeffectivethermalconductivitieswere reached to 500-3,000 W m K (H 2 ), 1,000-8,000 W m K (Ne) and 10,000-18,000 W m K (N 2 ). The high thermal transport properties of the cryogenic OHP and its application as the cooling components of superconducting magnets are also discussed.
I. INTRODUCTION

I
T is thought that a high-Tc superconducting (HTS) magnet is cooled easily compared with a low-Tc superconducting (LTS) magnet. For designing a HTS magnet, the priority of stability that prevents quenching against local disturbances has lowered compared to a LTS magnet. Moreover, the conduction cooling directly connected to the cryocooler, which doesn't need refrigerants such as liquid helium or supercritical helium, etc., simplifies the cooling system, and facilitates the handling of magnets [1] . However, it is actually difficult for a HTS magnet to take out the heat generated in the winding, because the thermal diffusivities of each component materials of the magnet such as copper, aluminum alloy, epoxy resin, GFRP, etc., decrease with an increase of the operating temperature. Therefore, a local hot T. Mito and N. Yanagi are with the National Institute for Fusion Science, Gifu 509-5292, Japan. They are also with the Graduate University for Advanced Studies, Gifu 509-5292, Japan (e-mail: mito@LHD.nifs.ac.jp).
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spot can be easily generated in the magnet, and there are possibilities of degradation of superconducting properties and/or mechanical damage by thermal stresses. As a new cooling technology which can enhance the efficiency of conduction/indirect cooling of superconducting magnet, cryogenic oscillating heat pipes (OHP) are proposed to be imbedded in the coil windings as cooling panels. The OHP is a highly effective two-phase heat transfer device can transport several orders of magnitude larger heat loads than heat conduction of solids [2] . The OHP utilizes the pressure change in volume expansion and contraction during phase changes to excite the oscillation motion of liquid plugs and vapor bubbles between evaporator and condenser.
About the use of cryogenic heat pipes, thermosyphons, wickbased heat pipes, loop heat pipes and OHPs were reported in [3] - [12] . The result of the fundamental experiment that uses the cryogenic loop heat pipes for the cooling between superconducting magnet and cryocoolers was reported in [3] . However, there is a limitation in the orientation of the installation of the loop heat pipe, and it is not applicable to the usage imbedded in magnets as a cooling panel. The high performance of the cryogenic OHP at the liquid nitrogen temperature was reported in [4] , it is suggested that the OHP is promising as the cooling device imbedded in magnets.
The optimization of an applicable cooling structure of the cryogenic OHP can be attempted from LTS to HTS magnets by changing the working fluid of the heat pipe (helium, hydrogen, neon, nitrogen, etc.) and the operating conditions according to the working temperature of magnets. Fig. 1 shows a conceptual design configuration of the superconducting magnet incorporating the cryogenic OHPs as cooling panels in the coil windings. The magnet consists of coil windings, cooling panels, side end plates, an inner bobbin, and an outer bobbin as an example of the conduction/indirect cooling HTS magnet. A coil winding is composed of a double pancake coil wound with HTS tape conductors. The OHP consists of many parallel channels connected in series at both ends, and composes a flat-shaped cooling panel. The cooling panels that imbed the OHPs are inserted between each coil windings. To decrease thermal resistance as much as possible, the heating part (evaporator) of the OHP in direct contact with the side part of the coil winding. The windings and the cooling panels are laminated for the magnet composed of two or more pancake coils. The heat generated in the windings by the AC loss, the flow resistance, etc. is transported immediately outside of the windings by utilizing the excellent heat transfer characteristic of the OHP. The cooling channels of refrigerant are disposed outside and inside of the coil windings and the OHP cooling parts (condenser) are cooled by the heat exchange with the refrigerant. The heat generation in the magnet can be effectively removed by the above-mentioned structure. Fig. 2 shows the OHP prepared for cryogenic experiments. The stainless steel pipe of 1.59 mm (1/16 inch) in outer diameter and 0.78 mm in inner diameter was turned 10 times by U-shape bend at both ends with its straight sections of 160 mm in length. Two Cu blocks of 8 mm in thickness and 30 mm in length had grooves according to the pipe positions and were soldered with the heat pipes. The upper Cu block attached with the foil heater was the heating part of OHP (evaporator) and the lower Cu block connected to the GM cryocooler was the cooling part of OHP (condenser). The resistive thermometers were attached on both Cu blocks to measure heat transfer characteristics of OHP. The both ends of the turned pipe were connected to T-shape joint to make the closed loop and the inlet of working fluid. The heat pipes and the Cu blocks were fixed to the stainless steel frame of 2 mm in thickness and 7 mm in width. Fig. 3 shows the experimental set-up for the cryogenic OHP. The testing OHPs were set up in the cryostat (vacuum chamber) enclosed with the 60-80 K radiation shields. The differences of the characteristics of the OHP by the orientation of installation can be measured. The heating part of the OHP was set up in the lower side, in the upper side, and in the horizontal direction against the cooling part which was connected to the cold head of the GM cryocooler with Cu bus bar. The inlet of the working fluid of the OHP was connected with the buffer tank through the isolation valve. The pressure gauges were set up in the buffer tank and the filling piping, which are used to control the filling amount of the working fluid to the OHP and to monitor the self-oscillation of the OHP. The working fluid of the OHP can be exchangeable between He, , Ne, , according to the operation temperature.
II. CONCEPTUAL DESIGN CONFIGURATION
III. EXPERIMENTAL RESULTS OF CRYOGENIC OHP
A. Experimental Set-Up for Cryogenic OHP
B. Experimental Procedure
The experimental procedure to confirm the performance of the OHP is as follows. Before cooling, the gas that remains in the OHP, the filling piping, and the buffer tank is evacuated with the vacuum pump. The gas of the working fluid is filled to the buffer tank from the selected gas cylinder. Then the GM cryocooler is started, and the OHP is cooled to the prescribed temperature. The isolation valve corresponding to the testing OHP is opened in order to fill the OHP with the working fluid. After the OHP is settled down to the operation temperature by controlling the heater which was attached on the Cu bus bar connecting the cooling part of the OHP and the cold head of the GM cryocooler, the isolation valve is closed and the OHP is filled by the working fluid with the set value of liquid/vapor ratio. The filling ratio of the liquid in the OHP can be known by measuring the change of the buffer-tank pressure before and after filling the working fluid to the OHP. At first, the OHP was filled with Ne and was tested in the vertical direction of the upside cooling and the downside heating where the self-oscillation can occur easily. The heat input was applied gradually by the heater attached on the heating part of the OHP. The heat transport characteristics of the OHP were measured by the temperature difference between the heating part and the cooling parts of the OHP, which was connected by 10 parallel pipes with 100 mm in length and 4.8 in total cross-sectional area of the working fluid. Fig. 4 shows typical measurements of the heat input, temperatures of the heating part and the cooling part, and the pressure of the OHP with 50.1% in the liquid filling ratio of Ne. The temperature of the cooling part was kept almost constant value and the temperature of the heating part increased according to the heater power. The pressure of the OHP also increased according to the temperature rise of the heating part. The heat transport property was measured as the relation between the heat input power and the temperature difference of the OHP. It is notable that the measured heat transport property of the OHP was extremely high compared to the thermal conductivity of solids composing the magnet. For example, the heat input at 1 W and the temperature difference of 3.5 K means the effective thermal conductivity of the total cross-sectional area of the working fluid is 5, 980 . As a reference, the thermal conductivity of Cu with at the magnetic field of 1 T and 20 K is 2,000
. The heat transport properties of the OHP exceed those of metals because the self-oscillation of the working fluid enhances heat transport properties of the working fluid inside the OHP. Fig. 5 shows the measured pressure oscillation during the operation of the OHP, the frequency of the oscillation was about 1 Hz and it changes according to the operational condition. The oscillating motion in the OHP significantly enhances forced convection in addition to the phase-change heat transfer, the vapor bubbles and liquid slug formed in the OHP will effectively produce many thin film surfaces to enhance the phase-change heat transport both in the evaporating and the condensing heat transfer.
C. Heat Transport Characteristics of OHP
The heat transport characteristics of the OHP with Ne in the vertical orientation of the upside cooling and the downside heating are summarized in Figs. 6 and 7 as a function of heating power with a parameter of the liquid filling ratio. Fig. 6 shows the temperature difference between the heating part and the cooling part of the OHP. Fig. 7 shows the equivalent thermal conductivity of the OHP considering the cross-sectional area of the working fluid. For the wide ranges of the liquid filling ratio (15.9-95.4%) and the operating temperature (26-32 K), the OHP worked with stability, and the effective thermal conductivity is comprised between 1,000-8,000
. The heat transport properties of the OHP were also measured changing the working fluid from Ne to and . The operating temperature range of 67-80 K and the liquid filling ratio of 23.6-70.5%, the OHP with worked with stability and the operating temperature range of 17-25 K and the liquid filling ratio of 31.4-79.5%, the OHP with worked with stability. The effective thermal conductivities were 10,000-18,000 for and 500-3,000
for .Those are also high values compared to the heat transfer of solids. The heat transport characteristics of OHP with the different working fluids are summarized in Table I . 
D. Discussion
In this experiment, the stainless steel pipe with low thermal conductivity was used on purpose to stand out the difference of the heat transport properties when the OHP worked and it didn't work. The thermal conduction of the stainless steel pipes whose thermal conductivity is 3.3 at 30 K and 15.1 in total cross-sectional area can be negligible compared to the extreme heat transport property of the OHP.
The inner diameter of the pipe was also selected as 0.78 mm within the range where it was easy to obtain and easy to handle and it should be smaller than the critical diameter of OHP expressed in (1) [4] . (1) where, is surface tension, is the liquid density, is the vapor density, and g is the gravitational acceleration. The typical values of the critical diameter for , Ne, and are 3.35 mm, 1.28 mm, and 2.12 mm, respectively.
The maximum effective thermal conductivity of the 8-turn closed loop OHP in [4] with the working fluid of is calculated as 44,000
. The difference of the OHP in [4] was to have used the copper tube with an outer diameter of 3.18 mm and an inner diameter of 1.65 mm instead of the stainless steel pipe of our experiment. The total cross-sectional area of working fluid was 17.1 and the effective thermal conductivity was calculated excluding the thermal conduction of the copper tube.
The difference of the maximum effective thermal conductivity of 18,000 and 44,000 comes from the thermal transport property of the OHP which is not determined by the longitudinal temperature gradient along the OHP but is limited by the thermal resistance between the evaporator/condenser and the working fluid. The use of the stainless steel pipe and the imperfect soldering with the Cu blocks caused the high thermal resistance and lowered the effective thermal conductivity of the OHP. It is necessary to optimize the material of OHP and the cross-sectional area of working fluid before the application to an actual magnet.
IV. SUMMARY
The cryogenic OHP using , Ne, and as working fluids have been developed and tested successfully at the operating temperature ranges of 17-25 K , 26-32 K (Ne), and 67-80 K . The high thermal transport properties of the cryogenic OHP and its application as the highly effective cooling components of superconducting magnets are proposed.
